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Abstract—Fast Field Cycling (FFC) Nuclear Magnetic 
Resonance (NMR) relaxometers require controlled current 
sources in order to get accurate flux density with respect to its 
magnet. The main elements of the proposed solution are a power 
semiconductor, a DC voltage source and the magnet. The power 
semiconductor is commanded in order to get a linear control of 
the flux density. To implement the flux density control, a Hall 
Effect sensor is used. Furthermore, the dynamic behavior of the 
current source is analyzed and compared when using a PI 
controller and a PD2I controller. 
Keywords— power supply, flux density; current; control; Fast 
Field Cycling NMR; relaxometer 
I.  INTRODUCTION 
The flux density of a Fast Field Cycling (FFC) Nuclear 
Magnetic Resonance (NMR) is directly related with the current 
demanded by the used magnet [1-4]. As typical requirements, 
the flux density should cycle as shown in Fig. 1 with a ratio of 
about 0.1 T/ms [5-9]. In addition, from cycle to cycle, the low 
level of the flux density can be adjusted and the flux density 
levels should be defined with accuracy. 
 
Fig. 1. Flux density cycle of a FFC NMR relaxometer. 
In this paper, the dynamic behavior and flux density control 
of the FFC NMR power supply in Fig. 2 is analyzed when 
testing controllers with two different configurations (PI and 
PD2I). 
 
Fig. 2. Electric circuit of the power supply. 
II. CONTROL 
The operating modes of the proposed topology are the 
following [10]: 
Up: fast flux density transition from a low level (BM0) to a 
high level (BM1); 
Steady-state #1: steady-state flux density when the flux 
density is at the high level, corresponding to the 
“polarization” level or the “detection level” of a FFC 
NMR experiment; 
Down: fast flux density transition from a high level (BM1) to 
a low level (BM0); 
Steady-state #2: steady-state flux density when the flux 
density is at a low level, corresponding to the “evolution” 
level of a FFC NMR experiment; this flux density level 
is adjusted from cycle to cycle, according to the 
experimental requirements. 
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In Fig. 3, the circuit with a closed loop control system is 
shown. 
 
Fig. 3. Diagram of the circuit with the control system. 
In order to understand the running of the proposed solution 
it is important to refer that: the auxiliary power source Uaux is 
only connected during the “Up” transient in order to accelerate 
the flux density transition [10]; and, commanding the 
semiconductor S, the magnet current iM can be set adjusting the 
collector-emitter voltage VCE. 
The gain KB of the Hall Effect circuit depends mainly on 
the characteristics of the magnet (B=f(iM)). Considering the 
available magnet [10], KB=0.04V/T. 
Under these conditions, it is assumed a linear relationship 
between VCE and the gate-emitter voltage VGE. 
 ∆௏಴ಶ∆௏ಸಶ ൌ െߚ (1) 
The parameter β=700 is considered based on the 
characteristics of the semiconductor used and the minimum 
value of VCE that assures safe operation of the IGBT [10]. 
According to the Fig. 3 circuit, VGE depends on the 
command voltage UC and on the emitter resistance RE. 
 ∆ܸீ ா ൌ ∆ݑ௖ െ ܴா∆݅ெ (2) 
So that and according to the typical specifications of the 
FFC NMR apparatus, the flux density should be dynamically 
controlled considering either a step or a ramp as reference 
inputs. Under these conditions, two controllers will be tested. 
A. PD2I controller 
The block diagram for a PD2I controller (proportional, 
derivative and two integral actions) is represented in Fig. 4. 
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Fig. 4. Block diagram of the PD2I controller. 
Being the transfer function of the PI2D controller: 
 ∆௎಴ሺ௦ሻ∆ாሺ௦ሻ ൌ ܥሺݏሻ ൌ ݇஽݇ூଶ
ୱమାೖುೖವୱା
ೖ಺భ
ೖವ
௦మ  (3) 
The global block diagram of the proposed circuit can be 
simplified as shown in Fig. 5. 
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Fig. 5. Block diagram of the proposed circuit with the controller. 
The global transfer function is: 
 ∆஻ሺ௦ሻ∆஻ೝ೐೑ሺ௦ሻ
ൌ ௞ವ௞಺మ஺ఛ´ಽ
௦మାೖುೖವ௦ା
ೖ಺భ
ೖವ
௦యାభశ಼ವ಼಺మAഓ´ಽ ௦
మା಼ು಼಺మAഓ´ಽ ௦ା
಼಺భ಼಺మA
ഓ´ಽ
 (4) 
Being: 
 ܣ ൌ ஒ·௞ಳሺோ೟ାஒோಶሻ ൎ
௞ಳ
ோಶ (5) 
 ߬´௅ ൌ ோ೟ሺோ೟ାஒோಶሻ ߬௅ ൎ
ோ೟
ஒோಶ ߬௅ (6) 
 ߬௅ ൌ ௅ಾோಾାோಶ ൌ
௅ಾ
ோ೟  (7) 
Where LM represents the self-inductance of the magnet RM 
is the resistance of the magnet and RE is the emitter resistance. 
As first approach, considering KD=0, the transfer function 
(4) becomes: 
 ∆஻ሺ௦ሻ∆஻כሺ௦ሻ ൌ
ೖು಼಺మಲ
ഓ´ಽ ௦ା
಼಺భ಼಺మA
ഓ´ಽ
௦యା భഓ´ಽ௦
మାೖು಼಺మಲഓ´ಽ ௦ା
಼಺భ಼಺మA
ഓ´ಽ
 (8) 
For this type of system, the static speed error should be 
minimized. Using the criteria ITAE, the 3rd order optimized 
transfer function is given by [11-13]: 
 ܨ ௢ܶ௣௧ሺݏሻ ൌ ଷ,ଶହఠబ
మ௦ାఠబయ
௦యାଵ,଻ହఠబ௦మାଷ,ଶହఠబమ௦ାఠబయ
 (9) 
Based on this approach, the parameters of the control 
system should be set according the following conditions: 
 ܭூଵܭூଶ ൌ ଵሺଵ,଻ହሻయఛ´ಽమ஺ (10) 
 ܭ௉ܭூଶ ൌ ଷ,ଶହሺଵ,଻ହሻమఛ´ಽ஺ (11) 
 
B. PI controller 
The typical transfer function of a PI controller (proportional 
and integral actions) is: 
 ܥሺݏሻ ൌ ∆௎಴ሺ௦ሻ∆ாሺ௦ሻ ൌ ݇௉ ൅
௞಺
௦ ൌ ݇
ଵାఛೋ௦
௦  (12) 
Using the PI controller, the global closed loop transfer 
function for the proposed system becomes: 
 
∆ܤሺݏሻ
∆஻ೝ೐೑ሺݏሻ ൌ
ܭሺ1൅ܼ߬ݏሻ
ݏ
ܣ
ሺ1൅߬´ܮݏሻ
1൅ܭሺ1൅ܼ߬ݏሻݏ
ܣ
ሺ1൅߬´ܮݏሻ
 (13) 
Assuming that, 
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 ܼ߬ ൌ
߬´ܮ
݊  and ݊ ൐ 8 (14) 
expression (13) can be simplified, being: 
 
∆ܤሺݏሻ
∆஻ೝ೐೑ሺݏሻ ؆
ܣܭ
߬´ܮ
ݏ2൅1൅ܣܭܼ߬߬´ܮ ݏ൅
ܣܭ
߬´ܮ
 (15) 
In this case, the optimized transfer function can be 
represented as: 
 ܨ ௢ܶ௣௧ሺݏሻ ൌ ఠబ
మ
௦మା√ଶఠబ௦ାఠబమ
 (16) 
Considering (15) and (16), the following equations, under 
optimized conditions, are obtained: 
 ߱02 ൌ
ܣܭ
߬´ܮ
 (17) 
 ߱0 ൌ
1൅ܣܭܼ߬
√2߬´ܮ  (18) 
And joining (17) and (18), 
 ቀ1൅ܣܭܼ߬√2߬´ܮ ቁ
2
ൌ ܣܭ߬´ܮ (19) 
The polynomial characteristic of the proposed system is 
therefore: 
 0 ൌ ܭଶ ൅ ଶ஺
ሺఛೋିఛ´ಽሻ
ఛೋమ K ൅
ଵ
ሺ஺ఛೋሻమ (20) 
In order to get a stable system, the following condition 
should be observed: 
 
ሺܼ߬െ߬´ܮሻ2
ܼ߬2
െ 1 ൐ 0 (21) 
So those, the parameter K=KI can assume the following 
values: 
 ܭ1,2 ൌ
݊
ܣ߬´ܮ
ቂሺn െ 1ሻ േ ඥሺ1 െ ݊ሻ2 െ 1ቃ (22) 
Or as function of the original parameters: 
 ܭ1,2 ൌ
ߚܴܧ2
ܭܤܴݐ
݊
߬ܮ
ቂሺ݊ െ 1ሻ േ ඥሺ1 െ ݊ሻ2 െ 1ቃ (23) 
The proportional gain, can be estimated using: 
 ܭܲ ൌ ܭܼ߬ ൌ ܭܫܼ߬ ൌ ܭܫ
߬´ܮ
݊ ൌ ܭܫ
ܴݐ
ߚܴܧ
߬ܮ
݊  (24) 
III. RESULTS 
The solutions described in section II, where simulated using 
controllers with different parameters. 
Based on the characteristics of the available magnet, all 
simulations were performed considering the following values 
for the flux density: 
- BM1 =0.2 T; 
- BM0 =0.05 T. 
Considering a typical cycle of a FFC NMR experiment, the 
time intervals used are: 
- ΔtM1=0.197 s; 
- ΔtM0=0.297 s; 
- Δtr=3x10-3 s; 
- Δf=3x10-3 s. 
In order to compare the performance of the two controllers, 
the proposed system was simulated considering step and ramp 
inputs. Furthermore, simulation results with different tuning 
parameters are shown in order to note the dynamics observed. 
A. Simulations using the PD2I controller 
The PD2I controller is simulated using two different sets of 
parameters (Table I) and imposing step and ramp inputs. 
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Fig. 6. Simulations using a PD2I controller for a step input and the set #1 of parameters. 
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Fig. 7. Simulations using a PD2I controller for a step input and the set #2 of parameters. 
TABLE I.  PD2I CONTROLLER PARAMETERS 
Set #1 Set #2 
KP 6.37 80 
KD 0.05 0.05 
KI1 1000 1000 
KI2 100 5000 
The simulations results obtained for the PD2I controller 
imposing a step input, considering the two parameters sets, are 
shown in Fig. 6 and Fig. 7. 
 
a) Bref 
 
b) B(t) 
Fig. 8. Simulations using a PD2I controller for a ramp input (set #1 of 
parameters). 
In Fig. 8 and Fig. 9 are presented the simulations results for 
the PD2I controller for a ramp input. 
 
a) Bref 
 
b) B(t) 
Fig. 9. Simulations using a PD2I controller for a ramp input (set #2 of 
parameters). 
B. Simulations using the PI controller 
In the figures below, simulations performed imposing a 
step input and a ramp input, respectively, are performed using 
the following two sets of parameters for a PI controller: 
- KP=500; 
- KI=50000. 
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 a) Bref b) B(t) 
Fig. 10. Simulations using a PI controller for a step input. 
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Fig. 11. Simulations using a PI controller for a ramp input. 
As it can be observed in the previous figures, both 
controllers fulfill the requirements of the application. Anyway, 
considering that fast transients are required, the dynamics 
observed when imposing step inputs are adequate. 
Furthermore, the easier tuning and less complexity of the PI 
controller are factors that should be balanced. So that, in the 
developed prototype [10, 14], a PI controller was implemented 
successfully. 
C. Experimental results using the PI controller 
In Fig. 12 and Fig. 13, experimental results for the flux 
density using a PI controller are shown. 
  
Fig. 12.  Experimental “Up” transient using a PI controller for a step input. 
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Fig. 13.  Experimental “Down” transient using a PI controller for a step input. 
As it can be observed, the experimental results fulfil the 
requirements of the application, i.e., fast transients without 
oscillations. 
IV. CONCLUSION 
In this paper, simulations results of a FFC NMR power 
supply controlled using two controllers with different 
configurations are shown. Both controllers fulfil the 
requirements of the application, but the option was taken 
choosing the controller with less complexity and easier to tune 
since it can be implemented analogically or digitally. 
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